The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. This project, with Antoinette Tordesillas of U of Melbourne, investigated models for the upper soil surface and its response to applied loads. We have examined key aspects above, experimentally and with computer simulations. We developed new micromechanically-based continuum models with predictive capabilities for multiscale phenomena in the soil/granular liquid-solid regime, based on the experiments and simulations. The Duke work involved detailed experiments that provided detailed information about the collective and local properties of 
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Background for Summary of Accomplishments
Experiments were carried out at Duke University which exploited the special properties of photoelastic materials. These materials, plus the expertise developed by the PI and his group, allowed for the detailed particle-scale determination of all physically relevant properties of a model granular system at the grain scale. Specifically, for every particle, we measured displacements, rotations and all contact forces. This approach allows experimental information at all scales within a granular material. From these properties, it was possible to compute stresses and other quantities that are relevant at the macroscopic scale, which are important to vehicle mobility and other important issues for the Army. To our knowledge, the Duke lab is the only facility anywhere which is capable of this type of measurement. Experiments were carried out in several specific settings:
• 
Details of Accomplishments
• In collaboration with Antoinette Tordesillas, and using our photoelastic experiments, we developed and tested a new stability method for characterizing granular materials, specifically at the level of clusters. (paper published: Antoinette Tordesillas, Qun Lin, Jie Zhang, R. P. Behringer and Jingyu Shi, Journal of the Mechanics and Physics of Solids 59, 265--296 (2011): Percolating contact subnetworks on the edge of isostaticity, D.M. Walker, A. Tordesillas, C. Thornton, R. P. Behringer, J. Zhang, and J. F. Peters, Granular Matter to appear (2011)) • Also, with Antoinette Tordesillas and other collaborators, we applied novel ideas from network theory, in combination with the stability criterion from the previous point, to characterize the dynamical evolution of the force network in granular materials.
• We developed and used a slider/friction experiment that yielded high quality information about the nature of granular stick-slip and the transition to sliding under surface traction. In particular, these results should lead to new insights into what is meant by granular friction. These data showed that granular materials fail under traction by a process that dissipates energy relatively deeply in the material, rather than just at the surface. In addition, the data characterized in detail the nature of granular slip and suggested ways to maximize traction/avoid slip under a vehicle. These experiments also informed researchers about the dynamics of stick-slip in earthquake fault zones. In this regard, the energy losses for stick-slip events are power-law distributed, in analogy to the Gutenberg-Richter law for earthquake magnitudes. However, the powerlaw that we observe for the probability distribution function (PDF) for energy losses has an exponent of about 1.2, whereas the typical GR exponent is about 5/3 (when represented as a PDF for energy losses).
• Extensive experiments characterized in detail the behavior of a granular material that was subject to pure shear and pure cyclic shear. These data included detailed results for particle properties, including contact forces and particle displacements, as well as macroscopic results such as stresses. Of particular note is the observation that dilated weak granular materials can jam, i.e. become solid-like, under shear. This result has required significant rethinking of the proposed model jamming diagram of Liu and Nagel, which proposed that the lowest density (e.g. dilated) state of the system that is jammed is an isotropic one. A particularly interesting observation for cyclic shear, starting from an unjammed low density isotropic state is that over many cycles, the pressure, the shear stress and the mean number of contacts per particle are all linearly related. This work has appeared in Granular Matter, and a Letter will appear in Nature at the end of 2011.
• We have developed a new experimental approach that allows the determination of photoelastic information and of particle motions without mutual interference. This both speeds up measurements and ensures that data for forces and for particles motions will be obtained for identical situations.
• We have developed automated data taking methods to streamline the process of collecting large image data sets.
